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Telomere erosion leading to replicative senescence has been well documented in human and anthropoid
primates, and provides a clue against tumorigenesis. In contrast, other mammals, such as laboratory
mice, with short lifespan and low body weight mass have different telomere biology without replicative
senescence. We analyzed telomere biology in the grey mouse lemur, a small prosimian model with a
relative long lifespan currently used in ageing research. We report an average telomere length by telo-
mere restriction fragment (TRF) among the longest reported so far for a primate species (25e30 kb), but
without detectable overall telomere shortening with ageing on blood samples. However, we demonstrate
using universal STELA (Single Telomere Length Ampliﬁcation) the existence of short telomeres, the in-
crease of which, while correlating with ageing might be related to another mechanism than replicative
senescence. We also found a low stringency of telomerase restriction in tissues and an ease to immor-
talize ﬁbroblasts in vitro upon spontaneous telomerase activation. Finally, we describe the ﬁrst grey
mouse lemur cancer cell line showing a dramatic telomere shortening and high telomerase activity
associated with polyploidy. Our overall results suggest that telomere biology in grey mouse lemur is an
exception among primates, with at best a physiologically limited replicative telomere ageing and closest
to that observed in small rodents.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Telomeres are nucleoprotein structures that protect the end of
chromosomes from inappropriate DNA repair events or degrada-
tion [1]. In vertebrates, telomeres consist of TTAGGG repeats bound
by the proteins from the shelterin complex, which regulate telo-
mere length and replication, and control its protection under ax: þ33 1 40 79 37 05.
Sorbonne Universites, UPMC
, Institute of Myology, Paris,
B.V. This is an open access article ucapped state [2,3]. Two mechanisms have been reported for the
maintenance of telomere length. The ﬁrst involves telomerase ac-
tivity to add telomere repeats at the 30 telomeric G-overhang [1].
The second corresponds to homologous recombination between
telomeres, but was only evidenced in immortalized or tumour cells
in humans [4]. A recent work reported on the physiological exis-
tence of telomere recombination in mice somatic tissues, although
it is not clear whether it really contributes to telomere length
maintenance [5].
Telomere erosion leading to replicative senescence and the role
of telomerase to counteract this erosion has been extensively
studied in cell cultures and in human premature ageing diseases
affecting telomerase components [6e8]. These studies led to thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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division (also known as replicative ageing) contributes to age-
dependent processes through cell senescence. Conversely, telo-
mere shortening is prevented in the germ line, and partially
counteracted in stem cells and tissues with high renewal capacities,
where telomerase activity is present [9e11]. Overall, loss of chro-
mosome end protection through telomere erosion is one of the
hallmarks of ageing and senescence, which contribute to provide a
barrier against genome instability and cancer in human [12]. Af-
terwards, the mechanism of replicative ageing has been demon-
strated for many species in mammals [13]. However, it is not a
universal programme, since different telomere biology has been
observed in some species such as laboratory mouse. Indeed, while
telomerase activity in somatic tissue is mostly the signature of
cancer in human, mice laboratory strains presented a detectable
telomerase activity in many somatic tissues. Moreover, laboratory
strains have very long telomere (~up to 50) compared to humans
(~10 kb) and it is today admitted that they do not use replicative
ageing as a mean of cell division counting [14,15]. Of note, a growth
arrest occurs in mice cultures that do not correspond to replicative
senescence, but rather to stress-induced senescence [7,16]. On the
other hand, studies on mouse strains or species with shorter telo-
meres, such as Mus spretus or wild-derived castaneous mouse
strains (CAST/EiJ), suggested that replicative senescence may take
place at least in some tissues [17,18]. Interestingly, in other rodents,
telomere length or telomerase activity did not correlate with life-
span. In contrast, telomerase activity in somatic tissues was found
inversely correlated with the body mass, suggesting a coevolution
to repress telomerase and to limit cancer risk when the body mass
increases [19].
A larger comparative study of telomere biology on more than 60
mammalian species showed interesting relationships between
telomere length, telomerase expression, body mass and lifespan
[20]. This study point out that telomere length inversely correlated
with lifespan and that telomerase activity inversely correlated with
the body mass, with a clear tendency for species larger than 1 kg to
have short telomeres (<20 kb) and repress telomerase. This study
also suggested that the acquisition of homeothermy requires the
onset of a mechanism to repress oxidative damages leading to the
acquisition of replicative ageing for larger mammals, such as an-
thropoid primates, in order to increase longevity [21,22]. Interest-
ingly, a resistance to oxidative damage was also found associated
with decreased overall telomere length and increased bodymass or
lifespan among different mammal species [20].
Primates are subdivided into 2 great clades, the Haplorrhini
suborder that contains the Simiiformes infraorder (i.e. anthropoid
primate) and the Strepsirrhini suborder that contains the Lemur-
iformes infraorder (such as grey mouse lemur) which would have
diverged 87 Million Years Ago (MYA) [23]. Telomere biology has
been studied in several anthropoid primates and a robust control of
replicative ageing was observed [22,24,25]. In contrast, prosimian
lemurs seem to display an intermediate situation regarding their
telomere biology. Fibroblasts from ring-tailed lemur (Lemur catta)
displayed heterogeneous telomeres length (15e50 kb) that short-
ened during cell division until cultured cells stopped dividing after
80 population doublings (PD). After a plateau of the cell population
doubling, some cells overgrew and immortalized with a slower
growth rate. Surprisingly, this escape was not accompanied by a
reactivation of telomerase but a high chromosomal instability was
observed. A recombination-based alternative pathway (ALT) was
evocated [22]. Therefore, telomere biology in ring-tailed lemur
represents an interesting situation that deserved to be investigated
in others Lemuriformes.
The grey mouse lemur (Microcebus murinus) has diverged from
ring-tailed lemur 39 MYA [23]. Interestingly, grey mouse lemur isthe only lemur with important breeding colony that could be used
in ageing research with several advantages as compared to other
classical biological models, such as rodents, including its closer
phylogeny to human than rodents [26]. First, they share physio-
logical and anatomical features, such as a complex nervous system,
and ageing processes in common with humans. Second, the size of
the breeding colony mimics the heterogeneity found in the human
population, but their observation can worthy be performed under
controlled experimental conditions. Furthermore, grey mouse
lemur is exceptionally long-lived when compared to other small
mammals (8e12 years versus 3 years for laboratory mouse) but
lower than other non-human primates, thus allowing easier and
faster observations. Therefore, the position of mouse grey lemur at
an interesting evolutionary transition between small and large
body mammals and its interest for ageing studies prompted us to
study their telomere biology.
We report here the analysis of the telomere biology during
ageing of the grey mouse lemur and the characterization of the cell
growth and telomere behaviour of ﬁbroblasts and mammary
tumour cell cultures. Our results, using different telomere tech-
niques including universal STELA (Single Telomere Length Ampli-
ﬁcation) suggest that grey mouse lemur presents a telomere
metabolism without obvious relationship to replicative ageing and
with features closer to laboratory mice than to other primates.
Transversal ageing studies in blood samples using universal STELA
also revealed the presence of a fraction of very short telomeres
increasing with ageing, that classical TRF did not easily detect,
which might arise from abrupt telomere shortening. These ﬁndings
suggest that grey mouse lemur represent an interesting situation
among primates for its telomere biology regarding its relative long
longevity.
2. Materials and methods
2.1. Ethic statement
All experiments were performed in the laboratory breeding
colony of Brunoy (UMR 7179 CNRS/MNHN, France; agreement n
E91-114-1 from the Direction Departementale de la Protection des
Populations de l'Essonne). Under veterinary supervision (DVM F.
Aujard n17e145), blood samples were collected from quick sam-
pling of the saphenous vein in heparinized glass capillaries and
euthanasia was performed using Pentobarbital (1 ml/100 g body
mass). These procedures received the legal authorization from the
Cuvier Committee in Animal Experiment (registered to the National
Ethic Committee n 68-018) and the agreement from the Internal
Review Board of the UMR 7179. All efforts were made to minimize
nociception during the experiments.
2.2. Animals and housing conditions
All the studied greymouse lemurs (M.murinus) were born in the
laboratory breeding-colony of the National Museum of Natural
History in Brunoy, France from a stock originally caught in southern
Madagascar 45 years ago. In captivity, seasonal variations of phys-
iological and behavioural functions were entrained by alternating
between 6 months of a long-day (LD) photoperiod (14:10 light:-
dark) and 6 months of a short-day photoperiod (SD) (10:14 light:-
dark), under artiﬁcial light (white light, 250 lux, wavelength peak at
488 nm). Animals were studied during the LD period. To minimize
social inﬂuences, animals were housed individually in cages
(50 40  30 cm) with branches and a nest box, visually separated
from each other.
General conditions of captivity were maintained constant:
ambient temperature (24e26 C), relative humidity (55%), food in
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fruits (29.5 kJ/day) delivered every day during the diurnal resting
phase and water available ad libitum.
2.3. Animal samples
All the grey mouse lemurs (M. murinus, Cheirogaleidae, Pri-
mates) used in this study were born in the laboratory breeding-
colony of Brunoy (UMR7179 CNRS/MNHN, France; European In-
stitutions Agreement # E91-114-1) from a stock originally caught
along the southwestern coast of Madagascar 45 years ago. Thirty
seven grey mouse lemurs (17 females and 20 males) aged from 0.8
to 9.2 years were included in the telomere length (TRF) study. The
TRF transversal study was performed on 26 animals (“adults” 1e5
years old, n ¼ 16 and “old” >5 years old, n ¼ 10, according to their
known half-life [26]). The TRF longitudinal study was performed on
8mouse lemurs (4males and 4 females) aged from 1.3 to 10 years at
the beginning of the study and blood samples were drawn at
different time intervals (i.e. 0.4, 0.7 and 1.2 years). The number of
samples for each animal is heterogeneous, since all animals were
not always available for sampling at the same time. Blood sample
were collected from quick sampling of the saphenous vein in
heparinized glass capillaries and DNA was extracted using the
QIAamp DNA Blood Mini Kit (Qiagen) following the manufacturer's
instructions. DNA concentration and purity was evaluated on a
Nanodrop (Thermo Scientiﬁc). For Universal STELA, the analysis
was performed on 28 DNA samples (“adults” 1e5 years old, n ¼ 18
and “old”, n ¼ 10). DNA for TRF length analysis on different organs
was obtained from 2 dead and freezed animals (i.e. a 4.4 years old
female and a 3.4 years old male) using the QIAamp DNA Blood Mini
Kit (Qiagen). Tissues used for telomerase activity were obtained
from 2 males (1.8 and 5.3 years old); animals were euthanized and
the liver, spleen, stomach, gut, brain, lung, uterus, testis, kidney,
heart and bladder were stored immediately in 80 C until further
processing.
2.4. Cell isolation and culture
Four primary grey mouse lemur ﬁbroblast cells were isolated
from abdominal and neck skin from 2 females of 4 and 8 years old
and frommuscles from 2 males of 1.8 and 5.3 years old. The 8 years
old female also had abdominal tumour fromwhich we derived the
tumoral culture. The histopathological analysis of the abdominal
tumour was performed at the Laboratoire d'Anatomie Pathologi-
que, Ecole Nationale Veterinaire d'Alfort. Samples were carried out
during surgery under general anaesthesia for females and after
euthanasia for the males. For culture establishment, samples were
cleaned three times with PBS and cut in small pieces which were
minced and trypsinised for 30 min at 37 C, RPMI media (Invi-
trogen) supplemented with 20% foetal bovine serum was then
added. Once cultures were established, cells were split when
approaching conﬂuence maintaining a 1:8 split ratios. Grey mouse
lemurs cells were then grown in RPMI media (Invitrogen) and
HT1080 cells in DMEM media, both supplemented with 10% foetal
bovine serum. All cells were maintained in 37 C humidiﬁed in-
cubators containing 5% CO2 and ambient oxygen (21%). For the
in vitro proliferation study, the cell growth curves were obtained by
replating cells every 3 or 4 days at 70e80% conﬂuence and the
numbers of cells plated and harvested were recorded and used to
calculate the PDs.
2.5. Senescence-associated b-galactosidase assay
Cells were plated at ~50% conﬂuence in 6-well dishes the day
before staining. Cells were washed in PBS, ﬁxed for 5 min (roomtemperature) in 2% paraformaldehyde in PBS, washed, and incu-
bated overnight at 37 C (no CO2) with fresh senescence associated
stain solution containing: 1 mg/ml of 5-bromo-4-chloro-3-indolyl
P3-D-galactoside (X-Gal), 40 mM citric acid/sodium phosphate pH
6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide,
150 mM NaCl, 2 mM MgCl2. Lysosomal b-galactosidase was detec-
ted using the citric acid/sodium phosphate at pH 4.0 according to
Ref. [27].
2.6. Telomere restriction fragment analysis
Mean telomere length was evaluated by using telomere re-
striction fragment (TRF) assay. DNAs isolated from cells (4e5 mg) or
blood (3.5 mg) were digested with a mixture of six enzymes (AluI,
MboIHaeIII,HinfI,MspI, and RsaI) and resolved on a 1.2% agarose gel
using pulsed ﬁeld electrophoresis parameters (PFGE) on a CHEF-
DR® III Pulsed Field Electrophoresis Systems (Bio-Rad). The gels
were run in TBE 0.5 buffer at 6 V/cm for 15 h at 14 C, using
ramped pulse times from 0.1 s to 1.5 s or from 0.2 s to 8.5 s. The gel
was denatured in 1.5 M NaCl/0.5 M NaOH solution and neutralized
in 1.5 M NaCl/0.5 M Tris HCl, pH 7 solution. Transfer was performed
overnight by capillary blotting on Nylon membrane (Hybond Nþ,
Amersham) in SSC 20 solution. The membrane was rinsed in SSC
2, dried for 2 h at 80 C and crosslinked. Prehybridization was
done 2 h at 50 C in Church Buffer (Sodium phosphate buffer 0.25M
pH 7.2; BSA 1%; SDS 7% and EDTA 1 mM) followed by overnight
hybridization with the telomeric probe (50-ACCCTAACCCTAACCC-
TAACCCTAA-30) end-labelled with [g32P]-ATP. Several washes with
increasing stringency (i.e. SSC 2, 0.2, 0.1 and 0.1%SDS at 25 C
and 50 C) were then performed. The membrane was exposed to a
PhosphorImager screen (Typhoon 9210, Amersham) and the mean
TRF length estimated after densitometric analysis done on Image-
Quant software, using the “Telorun” Microsoft Excel® spreadsheet
developed by the Shay and Wright laboratory [28].
2.7. Universal STELA
The Universal STELA followed the protocol established by
Bendix et al. [29]. Brieﬂy,10 ng of DNAdigested by amixture of MseI
and NdeI was hybridized and ligated with 50 mmol 42-mer oligo-
nucleotide, 50 mmol 11þ2-mer oligonucleotide and 103 mM telor-
ette mix (or the six different telorettes ligated in separate tubes for
STELAwith single telorette). PCR was carried out on 25 pg of ligated
DNA (except as indicated) using 0.1 mM tel-tail and Adapter primers
in 1 Failsafe PCR PreMix H and 1.25 U of Failsafe enzyme (Epi-
centre). For oligonucleotides end primers sequences see Ref. [29].
The ﬁll-in step and PCR reaction were carried out on Eppendorf
Thermocycler under the following conditions: 1 cycle of 68 C for
5 min, 1 cycle of 95 C for 2 min, 26 cycles of 95 C for 15 s, 58 C for
30 s and 72 C for 12 min, 1 cycle of 72 C for 15 min. Eight PCR are
performed for each samples to achieve a proper representation of
short telomeres present, as assumed by previous works on
chromosome-speciﬁc or universal STELA [29,34,39]. The PCR were
migrated on 0.8% agarose gel and detection of telomere repeat
fragments was carried out by Southern technique using the telo-
meric probe, as described for TRF analysis. Results are expressed as
the number of short telomeres (<12 or <3 kb, as indicated) per
genome equivalent, with one genome equivalent equal to 8 pg of
DNA, assuming that genome size is similar between grey mouse
lemur and human.
2.8. Telomerase activity
Telomerase activity was measured using the nonradioactive
telomere repeat ampliﬁcation protocol (TRAP) described byHerbert
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tion, approximately 30 mg of tissue was washed twice in ice-cold
washing buffer (10 mM HEPES, pH 7.5, 1.5 mM MgCl2, 10 mM KCL,
1 mM DTT) and the sample was pulverized by pestle and mortar.
Organ or cell lysates were then prepared in NP40 lysis buffer
(10 mM Tris HCl, pH 8; 1 mM MgCl2, 1 mM EDTA; 1% NP40;
0.25 mM Sodium Deoxycholate; 10% Glycerol; 5 mM b-mercap-
toethanol; 0.1 mM AEBSF) incubated on ice for 30 min. The protein
concentration was determined using a BCA protein assay kit
(Pierce) according to the manufacturer's instructions. Protein
extract (0e200 ng) were added to a TRAP mixture containing the
primer mix (10 pM TSNT, 2 ng CXext, 2 ng NT), the TRAP buffer
(20 mM Tris HCl, pH 8.3; 1.5 mM MgCl2, 63 mM KCl, 0.05% Tween
20, 1 mM EGTA), 50 mM dNTP, 20 mg BSA, 2 ng of Cy5-labelled TS
primer (Eurogentec), 5 units of Rnase inhibitors (Promega) and 2
units of Taq DNA polymerase (Ozyme). Primers sequences are
described in Ref. [31]. The samples were incubated 30 min at 30 C
for the extension of the substrate by telomerase, following by PCR
ampliﬁcation (95 C (30 s), 57 C (30 s), 72 C (30 s)) for 27 cycles
and 72 C for 2 min. PCR products were resolved on a 10% poly-
acrylamide gel. The gel was then scanned with a 650 nm ﬁlter on a
phosphorimager (Typhoon 9210, Amersham). The assays were
repeated at least two times for each sample to ensure
reproducibility.
2.9. Metaphase preparations and chromosome banding
The day before, 80e90% conﬂuent cells were split to 1:2 ratio in
D-MEM (Invitrogen), supplemented with 10% SVF (Dutscher).
Thymidine (Sigma) ﬁnal concentration 0.3 mg/ml was used to
synchronize culture. The thymidine block is released after 18 h by
the addition of 2-deoxycytidine (Sigma) ﬁnal concentration 0.4 mg/
ml. Three hours after the release of the block, demelcoline (Sigma)
ﬁnal concentration of 0.1 mg/ml was added to stop the cell cycle at
metaphase during 4 h. Cells were then trypsinized and hypotonic
shock was done for 15 min at 37 C with calf serum (1/6) and
75 mM KCl. They were then ﬁxed and washed twice in a solution of
ethanol/acetic acid (3:1). To prepare slides, ﬁxed cells are resus-
pended in an appropriate volume of ﬁxative and dropped on cold
wet slides, which were dried overnight and stored at 20 C. RHG
chromosome banding techniques (R bands obtained by Heat
denaturation and Giemsa staining) is then applied [32,33]. Chro-
mosomes are partially denatured by immersing slides 45 min in 1
Earle solution pH 5.5 at 87.5 C and 20 min in 1 Earle solution pH
6.5 at 87.5 C. Preparations were washed under tap water, stained
10 min in 3% Giemsa solution and rinsed again with tap water.
Metaphases were karyotyped using the Ikaros3 software (Meta-
systems, Altlussheim Germany).
2.10. FISH and Q-FISH analysis
For hybridization, the metaphases were washed with PBS for
15 min, ﬁxed with 4% formaldehyde for 4 min at room temperature
and washed again with PBS (three times for 5 min). Slides were
then dehydrated with ethanol and air dried. 1 mg/ml Cy3-
conjugated (CCCTAA)3 PNA probe (Eurogentec) diluted in hybridi-
zation buffer (70% formamide, 0.5% blocking reagent (Boehringer),
500 nM MgCl2, 180 nM citric acid, 1.64 mM Na2HPO4 10 mM
TriseHCl; pH 7.2) was added and overlaid with a coverslip. The DNA
was denatured (3 min at 85 C) and incubated for 3 h or overnight
at 37 C in a humid chamber. The ﬁrst washes were performed in
50% formamide, 0.1% BSA in 10 mM TriseHCl (pH 7.2) two times for
15 min at room temperature, 37 C or 45 C. Slides were washed
again with 150 mM NaCl/0.08% Tween 20, 100 mM TriseHCl (pH
7.5) three times for 5 min. Slides were counterstained with 40,60-diamidino-2-phenylindole (DAPI). The slides were analyzed on a
Zeiss microscope using appropriated ﬁlters. Telomeric and DAPI
signals were recorded independently for at least 15 metaphases per
sample through a CCD camera using a 100 objective, a ﬁxed
exposure time and 2 2 binning. Telomeric signals were quantiﬁed
on original black and white images using iVision software (Chro-
maphor) and corrected for the average local background for each
metaphase. Intensities for single telomeres were expressed as
mean pixel intensities (arbitrary units).
2.11. Statistical analysis
Linear regression using Pearson's formula was used to deter-
mine the signiﬁcance levels of the correlations between age and
telomere numbers, and between years lifespan after the blood
sampling in STELA assays. The statistical comparison between the
two mouse grey lemur populations was performed by the Man-
neWhitney analysis.
3. Results
3.1. Telomere length evolution with ageing in grey mouse lemur
Telomere length was determined from DNA samples prepared
from different tissues of a grey mouse lemur female (4.4 years old)
using Pulsed Field Gel Electrophoresis (PFGE) and Telomeric Re-
striction Fragment (TRF) assay (Fig. S1A). Results showed that the
overall mean TRF length is around 17 kb, with some variations
between the different tissues. In particular, telomere length was
found higher in the lung (mean TRF length ~ 23 kb) and shorter in
the heart (mean TRF length ~12 kb). This assay further indicates
that telomere length is very heterogeneous in grey mouse lemur,
ranging from ~4 to more than 40 kb. The same trends were ob-
tained using a male (3 years old) (data not shown). We also
observed the same proﬁle for leukocytes (Fig. 1) with a mean
telomere length around 20 kb (23 ± 2.5 kb). These observations
suggested that telomere length variations are detectable in grey
mouse lemur using TRF and that leucocyte samples may be used to
study telomere length variations during ageing.
To perform a transversal analysis of telomere length between
individuals of different ages, total DNA isolated from leukocytes
from 26 animals, aged from 0.8 to 9.2 years, were subjected to
PFGE-TRF. Results did not show obvious decrease in mean TRF
length with ageing between different animals (Fig. 1A and Fig. S1B).
Considering that telomeres shortening could be masked or under-
estimated because of inter-individual telomeres length variation,
we tried to eliminate this variability by performing a longitudinal
analysis. For this purpose, blood samples from 8 animals were
collected at different time intervals (0.4e2.2 years) and telomeres
length was analyzed by PFGE-TRF (Fig. 1B). Again, the mean TRF
length remains in the 20 kb range with no obvious telomere
shorteningwith ageing. Since telomere length range is important in
this species, we could not exclude variations masked by the bulk
analysis of thewhole telomere population in the samples due to the
limited resolution of the TRF assay. In addition, we observed in
some samples from, either in the transversal or the longitudinal
studies, a slight smear corresponding to low molecular DNA frag-
ments (i.e. <4 kb) that may indicate the presence of short
telomeres.
Given the limited resolution of TRF for the precise detection and
measurement of short telomeres, we next used the Universal STELA
(Single Telomere Length Analysis) assay, a ligation PCR-based
method designed to detect and measure single telomere lengths
[29]. This technique also overcomes the limitation of the original
STELA [34] that requires the design of speciﬁc primers in the
Fig. 1. Telomere length and telomerase activity in various tissues of grey mouse lemur. A, B. TRF length of DNA isolated from blood. 3 mg of genomic DNA was digested with 6
enzymes cocktail are loaded and analyzed by Southern blotting using 32P-labelled telomeric probe. Representative TRF gel of a transversal study is shown in A and a longitudinal
study is shown in B. Animals are named M1 to M37, their ages are indicated above the well and the estimation of the mean TRF length below each lane. The position of molecular
weight markers is indicated in kilobase (kb) on the left of each membrane. C. The load of telomeres <12 kb (left) and <3 kb (middle) per genome equivalent found by Universal
STELA is signiﬁcantly higher in old animals (>5 years), as compared to adult animals (<5 years) (see text). Representatives STELA membranes comparing a 1.4 and 9.2 years old
animals are shown on the right. D. Telomerase activity was measured with the telomere repeat ampliﬁcation protocol (TRAP) on 200 ng of proteins extracts from various tissues. The
human tumour cell line HT1080 was used as a positive control in the assay. IC, Internal Control.
D. Trochet et al. / Biochimie 113 (2015) 100e110104subtelomeric region of a deﬁned chromosome, whose sequences
are still unknown for the grey mouse lemur. The Universal STELA is
a robust assay to detect short telomeres occurring at the onset of
replicative senescence, as compared to the original STELA [29].
Raw data of the assay are shown in Fig. S1C, where the animals
are listed in ascending order of age. We found that telomeres are
ranging from 0.4 kb up to over 12 kb for all the blood samples
studied (with the upper limit corresponding to the maximal length
detectable by STELA due to the PCR of G-rich sequences), thus
indicating a higher heterogeneity for short telomeres in greymouse
lemur more easily detected than with TRF assay. Each band be-
tween 0.4 and 12 kb corresponding to individual telomeres were
counted.We have arbitrarily set up the upper threshold of telomere
length to 12 kb, considering that ampliﬁcation of longer telomeres
could be biased by PCR limitations, and to 0.4 kb for the lower
threshold, since telomeres are difﬁcult to count below this limit
which most likely corresponds to the length of proximal or sub-
telomeric sequences generated by the assay. The analysis shows a
signiﬁcant increase between the load of telomeres and ageing
(R2 ¼ 0.2631, p < 0.01 for telomeres <12 kb and R2 ¼ 0.2488,
p < 0.01 for telomeres <3 kb, n ¼ 28) (Fig. S1D). No signiﬁcant
difference was observed between males and females (data not
shown).We next divided animals between two populations, “adult”
individuals (i.e. 1e5 years old, mean age ¼ 2.36 ± 1.1 years, n ¼ 18)
and “old” individuals (i.e. > 5 years old, mean age ¼ 7.33 ± 1.25
years, n¼ 10).We ﬁrst compared short telomeres (<12 kb) betweenthose two populations. Fig. 1C (left panel) showed that the number
of short telomeres is signiﬁcantly higher in old animals (2.06 ± 0.42
telomere/genome equivalent) than in adult (1.27 ± 0.49 telomere/
genome equivalent, ManneWhitney, p < 0.001). Identical result
was found when very short telomeres (<3 kb) were taken into
account in the analysis, with 1.12 ± 0.26 and 0.67 ± 0.31 telomere/
genome equivalent, p < 0.001, for old and adult animals, respec-
tively (Fig. 1C, right panel). These data indicate the presence of a
telomere shortening with age in grey mouse lemur corresponding
to a 62e67% increase of short telomeres for amean variation of 4.97
years between the two animal's populations.
The increase of short telomeres during ageing in leukocytes
samples from grey mouse lemur may suggest the restriction of
telomerase activity leading to a replicative senescence mechanism
in this species and raised the question of its activity in grey mouse
lemur somatic tissues. Indeed, while telomerase activity was found
similar and repressed inmost somatic tissues between humans and
all anthropoid primates tested so far [22,24,25], little is known for
other suborders primates. Among prosimians, the only Lemur-
iformes studied was the Ring-tailed lemur, for which no detectable
telomerase activity was found in skin ﬁbroblasts but without any
information on other tissues [22]. Therefore, we analyzed telome-
rase activity by TRAP assay in 10 different tissues (i.e. heart, lung,
kidney, spleen, stomach, bladder, brain, liver, muscle and testis)
from 2males, with the human HT1080 tumour cell line as a positive
control (Fig. 1D and data not shown). Results indicated an easily
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between the twomales for lung, kidney, spleen and liver, a constant
mild activity in brain, a low activity in bladder, and an absence of
activity in muscle and heart. These data suggest that no or very low
telomerase activity is detected in somatic tissues with low mitotic
index such as heart, muscle and bladder, while the highest activity
is present for tissues with high renewal capacities, as already re-
ported in humans and anthropoid primates [24,25]. However, the
presence of a detectable activity in brain, kidney, lung, spleen and
liver indicate that telomerase repression is less efﬁcient in grey
mouse lemur (see discussion).
3.2. Normal grey mouse lemur cellular models display early
senescence, immortalization-associated telomere erosion and
telomerase activity
Despite the appearance of very short telomeres in old in-
dividuals' leucocyte samples, the relative long telomere length and
the telomerase activity detectable in a wide range of somatic tis-
sues questioned us about the existence of replicative ageing in grey
mouse lemur. We have thus established cellular models of normal
ﬁbroblasts from several individuals in order to examine their se-
nescent behaviour.
Skin and muscles ﬁbroblasts from 4 animals were isolated from
biopsies and grown under standard culture conditions (see
Materials and methods). The cells were cultivated for 200 days and
counted at every passage to determine growth curves. The growth
curves obtained from all cultures were very similar and were
combined (Fig. 2A, left panel). Results showed that ﬁbroblasts cease
dividing after about 15 days (around 8 PD), exhibit a senescent
morphology associated with the expression of SA-b-galactosidase
activity (Fig. 2A, curve and image 2).
However, after 30 additional days, cell growth resumes slowly
and increases progressively to 0.3 PD/day after 80 days and stabi-
lized at 0.85 PD/day after 170 days. Moreover, at late passages (>40
PD), the SA-b-galactosidase activity was no longer detected (Fig. 2A,
curve and image 3), suggesting that ﬁbroblast cells escaped the
senescent phenotype. These observations are in agreement with a
spontaneous immortalization of skin or muscle ﬁbroblasts. These
results suggested that grey mouse lemur primary cells cultured in
normoxia exhibit a premature senescence followed by a high rate of
spontaneous immortalization. We analyzed the karyotype of the
normal ﬁbroblast cells (Fibro) derived from a biopsy from the 4
years old female (Fig. S2A). Results indicated a normal karyotype at
an early passage (PD 5) before immortalization with 32 pairs of
acrocentric autosomes, and one pair of submetacentric X chromo-
some [35]. In contrast, at a later passage (PD 77) after immortali-
zation, the evidence a genomic instability was observed,
corresponding to complex chromosomal rearrangements (Fig. S2A).
Similar results were obtained with another ﬁbroblast cell line with
metaphases with complex and multiple chromosomal rearrange-
ments occurring after the initial growth arrest, which are typical of
a crisis (Fig. S2A and data not shown).
Considering the less efﬁcient telomerase repression in somatic
tissues and the telomere erosion detected during ageing, we
wondered whether the early senescence and immortalization evi-
denced for cultured ﬁbroblasts was associated with detectable
telomere attrition. PFGE-TRF was performed on the Fibro cells at
the end of the population doubling plateau (PD14.5) using agarose
plugs for cell DNA extraction, enzyme digestion and gel migration
in order to reduce the DNA breakage generated by DNA extraction
and manipulation (Fig. 2B). This protocol allowed to detect an
increased telomere length (mean TRF length ~30 kb), as compared
to that previously measured in tissue or blood preparations (see
Fig. 1 & S1). Interestingly, mean TRF length was found to decreaseduring the growth of the cell line. Telomere attrition was readily
detectable after immortalization (PD 65) and increased over the
time in culture. At PD 181, telomere length is ranging from 6 to
23 kb (mean TRF length ~16 kb). Similar results were foundwith the
other ﬁbroblast cell line (Fig. S2B). Of note, this corresponds to rate
of loss of 90 bp/PD, in accordance with what has been previously
measured in human ﬁbroblasts (i.e. 50e100 bp per cell division)
[36].
Telomeric FISH on ﬁbroblastic cells show a ﬂuorescent signal
localized at the chromosome ends corresponding to a telomere
only-pattern as previously notify byMeyne et al. [37]. However, this
telomeric pattern is quite heterogeneous contrasting from that
usually detected in immortalized human cell lines (HT1080, data
not shown). Quantitative Fluorescent In Situ Hybridization (Q-FISH)
experiments using a telomeric probe conﬁrmed the presence of
very heterogeneous telomere lengths in the Fibro cell line, with
very short telomeres and a fraction of chromosomes (~3%) without
detectable hybridization signal (Fig. 2C).
Finally, we analyzed telomerase activity by TRAP in Fibro cells at
early passages (PD7) and after immortalization (PD60). As shown in
Fig. 2D, early ﬁbroblast passage was found negative for telomerase
activity, a result in accordance with the restriction of telomerase
activity in primate skin ﬁbroblasts cultures [24]. In contrast, telo-
merase activity was detectable at late passages (PD60) and was
relatively high, as compared to HT1080 tumour cell line used as a
positive control. These results are consistent with a reactivation of
telomerase activity associated with the immortalization of the grey
mouse lemur ﬁbroblast cell line. However, this telomerase activity
does not seem sufﬁcient to insure telomere length maintenance,
since a telomeric attrition is clearly observed during long-term
culture of these cells.
Overall, these data indicate that normal grey mouse lemur ﬁ-
broblasts display both common and divergent features with human
ﬁbroblasts. Although these cells initially repress telomerase activ-
ity, it becomes detectable during immortalization as in humans, the
senescence is earlier and telomerase activity does not prevent
telomere erosion, suggesting differences either for telomerase
processivity and/or recruitment at telomeres that may have
implication during ageing (see discussion). Furthermore, sponta-
neous immortalization appears to be a frequent event in grey
mouse lemur ﬁbroblast cultures, in contrast to human.
3.3. Telomeric dysfunction and telomerase activation in a grey
mouse lemur cancer cell line model
A spontaneous tumour developed by the 8 years old female gave
us the interesting opportunity to study grey mouse lemur's telo-
meres in a tumoral context. The tumour was located in the
abdominal cavity and histological analysis indicated that it origi-
nated from a mammary adenocarcinoma. As shown in Fig. 2A
(curve and image 1), the Tumo cell line established from this
tumour displayed the characteristics of a tumour cell line, i.e. rapid
growth rate (1.2 PD/day) for more than 200 days without evidence
of SA-b-galactosidase staining, and ability to form clones in soft
agar (data not shown). It represents one of the ﬁrst tumour models
from grey mouse lemur.
To evaluate telomere regulation in this model, we ﬁrst deter-
mined telomere length using PFGF-TRF using agarose plugs
(Fig. 3A). Strikingly, Tumo cells have much shorter telomeres,
ranging from 2 to 10 kb with a mean TRF length equal to ~7 kb that
sharply contrasts with telomeres from the Fibro cells used as a
control, ranging from 12 to 48 kb (mean TRF length 31 kb). This
dramatic telomere shortening was also evidenced using Universal
STELA, with individual telomeres ranging from 0.5 to 5 kb (Fig. S3).
Of note, the use of the six individual telorettes also allowed
Fig. 2. In vitro growth properties and telomeric characterization of grey mouse lemur ﬁbroblast cultures. A. Left: Growth curves of grey mouse lemur ﬁbroblasts (green) and tumour
cells (red) under classical culture condition (i.e. normoxia). Fibroblast curves come from the combination of data of at least 2 independent cultures. Right: senescence associated-b
galactosidase in mouse lemur cultured cells. Picture 1 corresponds to tumour cells (30 PD), picture 2 to ﬁbroblast cells (10 PD) and picture 3 to ﬁbroblasts (70 PD). B. TRF length of
genomic DNA extracted on DNA Plugs from ﬁbroblasts culture showing a telomere shortening with increasing PDs. TRF mean length estimation is indicated below each lane. C. Top:
Example of telomere FISH analysis of metaphases isolated from ﬁbroblasts at PD77. Chromosomes are stained in DAPI and the telomere hybridization signal is red. Bottom: Q-FISH
analysis of the metaphases isolated from ﬁbroblasts at PD77 (n ¼ 16). The X axis shows telomere ﬂuorescence hybridization intensity (AU: Arbitrary Units) which is proportional to
telomeres length, the Y axis shows the frequency of chromosomes ends with the indicated ﬂuorescence intensity. D. Telomerase activity measured by TRAP assay on 1e200 ng
protein extracts from ﬁbroblast at PD 7 or 60 and compared to the human tumour-derived cell lines HT1080 used as a positive control and heat inactivated (HI) extracts as negative
controls. IC, Internal Control.
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[29,38]. Results indicated that about 80% of the telomeres were
ampliﬁed with C-telorette 3 and 4, corresponding to ATC-50 and
AAT-50 extremities, for both Fibro and Tumo cells, respectively. This
suggests that C-strand processing during telomere replication in
grey mouse lemur is comparable to that reported for human cells
[39].
Karyotype analysis showed a high proportion of cells presenting
abnormal number of chromosomes (i.e. aneuploidy and polyploidy)
and/or structural chromosomal abnormalities (translocation,
fusion …) (data not shown). As expected from TRF and STELA ex-
periments, telomeric FISH showed several chromosomes appearing
with telomere-free end (Fig. 3B, right panel). Telomeric Q-FISH
experiments conﬁrmed a high frequency of telomere loss (above
20%) with a bimodal proﬁle in telomere length (short and very
short telomeres lengths) (Fig. 3B, left panel).
Finally, a high telomerase activity was detected by the TRAP
assay in all sample of Tumo cells whatever the passage tested.
Results presented in Fig. 3C illustrated this ﬁnding, in comparison
to HT1080 tumour cells used as a positive control. In agreement
with this high telomerase activity, no further telomere shortening
was observed along cell division since the mean TRF length was
found stable in Tumo along passages (data not shown). Thissuggests that telomerase reactivation is used to maintain telomere
length to this critical value, as reported for the vast majority of
human cancer cells.
4. Discussion
Our results indicated that grey mouse lemur represents an
interesting situation regarding its telomere biology among pri-
mates. The mean TRF length in grey mouse lemur ﬁbroblast cul-
tures (~30 kb) is among the longest reported so far for a primate
species, with values close to those reported for inbred strains of
Mus musculus (~50 kb) [15,20,22,24]. Our data also indicated that
classical DNA extraction, in contrast to the use of embedded plugs,
leads to the underestimation of 7e10 kb for the mean TRF length
since values obtained from different tissues and leukocytes varies
from 12 to 26 kb, but is in the same order to that reported for Ring-
tailed lemur ﬁbroblasts (~24 kb) with similar protocol [22].
Furthermore, a high level of heterogeneity in telomere length was
detected by the TRF assay (ranging from ~4 tomore than 40 kb) that
complicated the use of this assay to analyze telomere shortening
with ageing. Indeed, our results did not allowed to ﬁnd any pro-
gressive decrease in mean TRF length in either longitudinal or
transversal studies. As mean TRF length varies between tissues of
Fig. 3. Telomeric dysfunction and telomerase activity in a grey mouse lemur cancer cell line. A. TRF length of genomic DNA extracted on DNA Plugs from the Fibro and Tumo cell
cultures. Tumo shows a dramatic telomere shortening as compared to the Fibro cells (PD14.5). TRF mean length estimation is indicated below each lane. B. Left: Q-FISH analysis of
the metaphases isolated from tumour cells (top), compared to ﬁbroblastic cells (bottom). The X axis shows telomere ﬂuorescence hybridization intensity (AU: Arbitrary Units) which
is proportional to telomeres length, the Y axis shows the frequency of chromosomes ends with the indicated ﬂuorescence intensity. Quantiﬁcations were performed on 36 and 16
metaphases for Tumo and Fibro, respectively. Right: Example of telomere FISH analysis of metaphases isolated from both cell types. Chromosomes are stained by DAPI (blue) and
the telomere hybridization signal is red. Both experiments illustrated the important loss of telomeres ends at chromosomes from tumour cells. C. Telomerase activity measured by
TRAP assay on protein extracts (1e200 ng) from Tumo cells and compared to the human tumour cell lines HT1080 used as a positive control. Heat Inactivated (HI) extract are used as
negative controls. IC, Internal Control.
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represent the most appropriate tissue to examine telomere length
variations. Of note, beside ethical reasons that render difﬁcult to
obtain biological samples other than blood, a large number of
studies in different species, including non-human primates, used
leukocytes to study telomere attrition with ageing with a good
synchrony for other tissues [13,40]. A recent study in human indi-
cated that telomere shorten at an equivalent rate in adult somatic
tissues, thus suggesting that telomere length differences between
tissues are established during early life development [41].
Despite these technical limitations, we used the universal STELA
to analyze the occurrence of short telomeres in leucocyte samples
from grey mouse lemur and found a signiﬁcant difference between
“adult” and “old” animals groups corresponding to a 62e67% in-
crease of short telomeres for a mean variation of 4.97 years be-
tween the two animal groups. Such difference likely results from
the fact that the TRF assay only measured the mean overall telo-
mere length in a cell population. Thus, mean telomere length var-
iations might not be detectable for a small proportion of
chromosome ends that shorten. These limited variations ask the
question of the existence of a replicative senescence mechanism in
grey mouse lemur.
Interestingly, the increase of short telomeres detectable by
STELA presents a signiﬁcant correlation with ageing and is mostlyobserved in the “old” group. Seventeen animals belonging to the
“adult” group are deceased. The evaluation of the correlation be-
tween the lifespan and the number of short telomeres for thewhole
deceased cohort did not give any signiﬁcant result (R2 ¼ 0.06,
p ¼ 0.3, n ¼ 17), because of the principle of this transversal study
where blood samples were obtained at different ages. However,
when we measured the number of survival years after blood
sampling for the deceased animals, a signiﬁcant correlation was
found with the number of short telomeres (R2 ¼ 0.450, p < 0.005,
n¼ 17) (Fig. S1E). These data conﬁrm the interest of measuring very
short telomeres in a species where the overall telomere length is
high and the study will be pursued with the remaining surviving
animals.
Together with TRF results indicating an important telomere
length heterogeneity, our STELA data during ageing on grey mouse
lemur leukocytes seems to be more consistent with a stochastic
abrupt telomere shortening than with a progressive replicative
shortening. Telomere shortening has been reported to occur not
only progressively with each cell division due to the end-
replication problem but also abruptly through the induction of
stress stimuli such as oxidative damage [42]. Abrupt telomere
shortening has been initially postulated to explain the sudden
onset of senescence in some cells in culture that was inconsistent
with a gradual telomeres shortening [43]. Afterwards, several
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for this abrupt telomere attrition [44]. Indeed, telomeres were
found particularly sensitive to oxidative modiﬁcations (believed to
be due to the guanine triplet in telomere repeats) and accumulate
damages faster than genomic DNA, and are moreover less efﬁ-
ciently repaired [45,46]. Interestingly, age-dependent accumula-
tion of telomeric oxidative DNA damage has been reported in skins
samples of baboons [47]. Furthermore, resistance to oxidative
damage was found inversely correlated with telomere length
among different mammal species, suggesting that telomere in grey
mouse lemur are more prone to such oxidative damage, as
compared to human [20]. Therefore, while we cannot totally rule
out a partial involvement of replicative telomere erosion in grey
mouse lemur leukocytes, our data suggest that the appearance of
short telomeres in aged leukocytes is mainly related to another
mechanism that possibly includes oxidative stress.
We also observed that mouse lemur ﬁbroblasts cultured in
standard normoxic conditions exhibit a premature growth arrest
(before 8 PD) associated with a senescent phenotype (Fig. 2). Pre-
mature cell growth arrest is well known in mouse culture cells and
imputed to stress-induced senescence (also called stasis for stress-
or aberrant signaling-induced senescence) rather than to replica-
tive senescence. Oxygen sensitivity has been identiﬁed as the main
cause of this stasis in mouse cells, since it does not occur in phys-
iological oxygen conditions [48]. While physiological cultures
conditions (i.e. 5% O2) would be necessary for conﬁrmation, we
suppose that oxidative stress is also responsible for the growth
arrest of mouse lemur ﬁbroblasts. In mice, constitutive telomerase
expression in MEFs cannot rescue the cells from premature
senescence in culture since others damages are responsible for the
stasis [7,16,48,49]. Similarly, premature growth arrest due to
inadequate culture conditions is observed in some human cell
types. Immortalization of these cells requires ectopic human telo-
merase expression (hTERT) and either the adjustment of culture
conditions or the abrogation of the stress-induced checkpoint
[50,51].
We did not detect any telomerase activity at early passages, but
a high activity was observed after immortalization (observed on 2
independent ﬁbroblast cultures). The latter observation could
result either from telomerase reactivation in a fraction of cells or
from selection of telomerase-positive cells present per se in normal
skin ormuscle (which is plausible considering the low stringency of
telomerase restriction observed in most tissues). Whatever the
case, the enhanced telomerase activity suggests that it may play a
role to ease the immortalization process. In agreement, STELA ex-
periments performed at early passages of the ﬁbroblast culture
showed a transient increase of short telomeres before PD10 that
decreased after (Fig. S2C). In addition, a genomic instability (i.e.
telomere free ends and chromosome rearrangements) was
observed after immortalization suggesting a relationship with a
telomeric dysfunction during this process in immortalized ﬁbro-
blasts (Fig. 2C and S2A).
Escape from senescence has been previously reported in ring-
tailed lemur ﬁbroblasts cultures without telomerase activation,
but few cells displaying characteristics of the ALT phenotype [22].
In contrast, we do not observe ALT phenotype, since extrachro-
mosomal telomere signals were not observed by FISH experiments.
On the other hand, in the mouseM. spretus, which carries relatively
short telomeres, telomerase activity was not detected at early PD in
primary ﬁbroblast cultures but became detectable after immortal-
ization and maintains telomere length [52]. Surprisingly, in our
model, telomerase activity does not seem sufﬁcient to maintain
overall telomere length since a telomeric attrition (i.e. 90 bp per cell
division) was observed during the late culture passages, which
matches that previously measured in human ﬁbroblasts (i.e.50e100 bp per cell division) [36]. Thus, in contrast to transversal
ageing experiments on blood samples, immortalized ﬁbroblasts
might display a phenotype corresponding to a replicative telomere
shortening despite a readily detectable telomerase activity. How-
ever, it is also likely that the high oxygen culture conditions
accelerated the rate of telomere shortening. A lower telomerase
processivity may also be an alternative explanation since shorter
telomerase products are observed in TRAP assays for lemur ex-
tracts, as compared to human ones (Figs. 1D and 3C). A non-
processive telomerase activity was previously reported in mouse
cells [53]. Finally, the preferential elongation of short telomeres
without major modiﬁcation in the overall telomere length has been
already reported in human and mouse suggesting a main function
to cap critically short telomeres [54,55]. All in all our observations
might reﬂect a scenario where a stochastic shortening occurs at few
telomeres, likely due to the culture stress. In that process, enhanced
telomerase activity would take place to allow the elongation of the
shortest telomeres to avoid or limit telomere dysfunction in grey
mouse lemur ﬁbroblasts.
However, whether telomerase activity is a cause or a conse-
quence of the immortalization process remains to be elucidated.
Telomerase activity is probably necessary to escape senescence in
our model, although others mechanisms such as the inactivation of
the stress-induced checkpoints might also be required. Additional
experiments to determine whether the growth arrest is induced by
oxidative damages and the extent of the damages at telomeres
would be interesting to be performed. In particular, it will be
informative to investigate whether the introduction of telomerase
before the growth arrest would be sufﬁcient to avoid or delay the
early senescence phenotype and conversely to look for sponta-
neous telomerase re-activation in low oxygen conditions.
Our work also described the ﬁrst cancer cell line model in lemur,
which is characterized by: i) rapid growth, ii) high level of telo-
merase activity, iii) drastic telomere shortening (~25 kb) including
>20% of telomeric loss and iv) polyploidization and chromosomal
rearrangements. Moreover, further characterization of this tumour
cell line through the isolation of independent clones revealed that
most of the cells are pseudo-tetraploid (data not shown). Tetra-
ploidization was reported to be one of the critical step toward
aneuploidy in adenocarcinomas, and recent studies established
that critically short telomeres associated with cell division check-
point defects were a major process that triggers tetraploidization
[56,57]. This cancer cell line might be a representative illustration
of a genomic instability induced by telomeric dysfunction in the
grey mouse lemur. The exact mechanism responsible for such
dramatic telomere shortening at most telomere ends and potential
checkpoint defects, such as Aurora A, remains to be elucidated.
Anyway, this cellular cancer model is quite unique because, in
contrast to laboratory mouse, the occurrence of cancer in grey
mouse lemur is relatively low (<5%), suggesting an adaptive evo-
lution to suppress tumours.
These investigations demonstrate that grey mouse lemur telo-
meres are quite long, but different physiological conditions, such as
ageing or tumour formation, allowed the formation of a fraction of
very short unprotected telomeres, whose extent may vary in the
different tissues. As this context might easily predispose to telo-
mere instability, a permissive telomerase regulation would be
necessary during lifespan to avoid the occurrence of these short
uncapped telomeres. Accordingly, we reported telomerase activity
in most somatic tissues tested (with the exception of heart and
muscles). In other non-human primates, a strong telomerase ac-
tivity was observed in gastrointestinal tract and spleen, a weak
activity in liver and lung but no activity in kidney and brain
[22,24,25]. Therefore, the tissue distribution of telomerase activity
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and more widely to most rodents, than to other primates [19,52].
Our data also suggest that a tissue speciﬁc regulation of telo-
mere length may occur in the grey mouse lemur, since telomere
length and telomerase activity varies between tissues. In particular,
the long telomere length found in stomach may be related to its
high telomerase activity. At the opposite, the shortest telomeres
length was found in the heart where no telomerase activity was
detected. However, these results are based on the analysis of two
individuals and more samples would be necessary to draw a more
accurate view of this regulation.
5. Conclusions
Altogether, our study revealed that telomere biology in the grey
mouse lemur is closer to that of laboratory mouse (with long telo-
meres, low stringency of telomerase restriction and a high rate of
spontaneous ﬁbroblast immortalization in vitro) than expected.
Although grey mouse lemur presents some similarities with ring-
tailed lemur telomere biology our work provide the ﬁrst report of
unrestricted telomerase activity in primates. Moreover, the use of
universal STELA uncovered very short telomeres, which increase
during ageing in blood sample, andwe characterized the ﬁrstmodel
of a spontaneous grey mouse lemur mammary tumour. Finally,
since greymouse lemurweights 65 g, our ﬁndings are in accordance
with previous observations that mammalian species smaller than
1 kg tend to present long telomeres and unrestricted telomerase
activity [20]. Thus, this species does not seem to use physiological
replicative senescence, but rather represent an interesting adaptive
evolution to explain its relative long longevity among primates.
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